Nanometer-sized particular structures are generated on the surfaces of FeSe epitaxial films directly after exposure to air; this phenomenon was studied in the current work because these structures are an obstacle to field-induced superconductivity in electric double-layer transistors using FeSe channel layers. Chemical analyses using field-effect scanning Auger electron spectroscopy revealed no clear difference in the chemical composition between the particular structures and the other flat surface region.
Introduction
High critical temperature (T c ) iron-based superconductors have attracted substantial attention since reports of the superconductivity of 1111-type LaFePO [1] and fluorine-doped LaFeAsO [2] . These materials are interesting from the viewpoint of condensed matter physics and materials science [3, 4] while also possessing suitable properties for superconducting wire/tape/coated conductor applications [5] [6] [7] [8] [9] , such as high field magnets and electric power cables. Therefore, many superconducting wires/tapes [10] [11] [12] [13] [14] and coated conductors [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] have been developed and demonstrated using iron-based superconductors. Their performance under high magnetic fields has rapidly improved and is approaching and/or overcoming that of commercially available conventional superconductors such as Nb 3 Sn and Nb-Ti.
One of the iron-based superconductors is 11-type FeSe [25] , which has the simplest chemical composition among the materials. It is worth noting that T c of FeSe and related FeSe-based materials have been greatly enhanced using various techniques even though the T c of bulk FeSe is as low as ~8 K. For example, the application of an external high pressure [26] and chemical doping/intercalation of alkali metals and molecules [27] [28] [29] [30] [31] [32] enhanced T c to approximately 40 K. The most remarkably enhanced T c of ~100 K was reported in monolayer-thick FeSe layers [33] . These results indicate that T c of FeSe is quite sensitive to change in the local structure and/or strain. The significant T c enhancements compared with that of the bulk are unique and reported only in FeSe and FeSe-related materials among the iron-based superconductors. Thus, FeSe is the most promising material for attaining high T c among iron-based layered arsenide/selenide materials.
Another type of T c enhancement of FeSe has been reported by employing electric double-layer transistor (EDLT) configurations with ionic liquid as a gate dielectric material [34] [35] [36] [37] [38] [39] . In these recent reports, the EDLT configuration serves two roles: it allows electrostatic doping of high-density carriers to the EDLT channels [35] [36] [37] , and electrochemical etching of the EDLT channels under relatively high gate bias (e.g., ≥ 5 V) and at high temperature (close to room temperature) is applied to control the channel thickness and electrical properties [34, 38, 39] . Both of these factors contribute to achieving a high T c of approximately 40 K, which is close to that for the above cases of high pressure and chemical doping/intercalation.
In our FeSe EDLT study in 2016 [36] , we observed that our initial EDLTs did not work (i.e., no modulation of the channel resistance was observed by applying a gate bias) when the FeSe channels were exposed once to air even for a short time. Thus, we had to develop and employ an in situ sample-transfer system in ultrahigh vacuum or inert atmospheres [40] to fabricate EDLTs that exhibited field-induced superconductivity. This result indicated that the surface of the FeSe films is sensitive to air exposure. However, to our knowledge, degradation of the FeSe film surface and its detailed analysis have not yet been reported, even though the first report on superconductivity of FeSe was over 10 years ago in 2008 [25] .
In this study, the effects of air exposure on the surface degradation of FeSe epitaxial films were examined. We were not able to detect a chemical difference between the degraded and not-degraded surfaces; however, this result implies the possible remaining origins of the degradation.
Experimental Details
In this work, ~10-nm-thick FeSe films were grown heteroepitaxially on (001)-oriented SrTiO 3 (STO) single crystals (size: 10 × 10 mm 2 , 0.5-mm thick) using molecular beam epitaxy (MBE, EV-100/PLD-S made by Eiko Co.). Details of the film growth conditions and EDLT structure are provided in Refs [36, 37] . The FeSe films were stored in an Ar-filled glove box (MDB-1BKHTMK type 2, Miwa Manufacturing Co., Ltd.), which was directly connected with the load lock/preparation chamber of the MBE system. The oxygen concentration and dew point of the glove box were << 1 ppm and approximately -100 °C, respectively.
An EDLT device was fabricated using a film patterned with a shadow mask and exposed to air for a few tens of minutes, and then, the temperature dependence of the sheet resistance (R s ) of the EDLT channel under a gate bias (V G ) was measured to determine the effect of the air exposure. Structural and chemical analyses (i.e., except the EDLT) were performed using 10 × 10-mm 2 samples.
θ-Coupled 2θ scan X-ray diffraction (XRD, SmartLab, Rigaku Co.) using CuK radiation with a rotation Cu anode and power of 45 kV × 200 mA was performed using Bragg-Brentano geometry to determine the crystalline phases of the films. Note that the Bragg-Brentano geometry is unsuitable for evaluating epitaxial films because the X-ray scattering angle and line-width are large for the crystallite orientation distribution and diffraction peak widths of high-quality epitaxial films; therefore, the monochromatic parallel beam configuration is usually used. However, the use of the Bragg-Brentano geometry is an effective method to detect small amounts of impurity phases because we can use a blighter incident X-ray beam than that of the monochromatic parallel one.
XRD patterns of the as-grown films were obtained without air exposure using an O-ring sealed Ar-filled measurement holder to avoid surface degradation during the measurements. However, atomic force microscopy measurements (AFM, MultiMode 8 made by Bruker Nano Inc.), which were performed to observe the surface morphology, could not be conducted without air exposure. To transfer the films from the load lock/preparation chamber of the MBE apparatus to the AFM stage required ~200 s after air exposure of the films. However, only ~30 s was needed to transfer the film from the glove box to the AFM stage because we removed the sample from the substrate holder in the glove box (i.e., not in air) in this case. The surfaces of the films were exposed to air during AFM observation for 260 s per single scan.
The chemical composition of the surface was analyzed using field-emission scanning auger electron spectroscopy (FEAES, PHI 700, ULVAC PHI Inc.), in which four elements (C, O, Fe, and Se) were focused on under electron acceleration conditions of 10 kV and 10 nA to minimize damage by the electron beam. The observation points were selected using the scanning electron microscopy (SEM) mode of the PHI 700 instrument. The specification spatial resolution of the PHI 700 is 6 nm in SEM mode and 8 nm in AES mode. For the actual observation conditions, the lateral beam size and analysis depth (inelastic mean free path [IMFP] of emitted electrons) were estimated to be 20-30 and 3 nm, respectively.
The temperature dependences of the electrical resistivity (ρ) of the as-grown and air-exposed films were measured using the four-probe method using a physical property measurement system. Exposure   Figures 1(a) -(c) present AFM images of the FeSe film, which was transferred from the load lock/preparation chamber to the AFM stage directly after film growth. We repeated the AFM scans three times in the same observation area. As observed in the cross-section ( Fig. 1(d) , the line indicated by the black and red arrows in Fig. 1(a) ), two particular structures were observed in the first scan. One structure had a lateral size of ~20 nm and a height of ~3 nm at the position = 235 nm (indicated by the red vertical arrow); the other structure had a lateral size of ~20 nm and height of ~1 nm at the position = 87 nm (indicated by the black vertical arrow). Then, in the second scan image, the particular structure at position = 78 nm grew to a vertical size of ~4 nm (the black arrow), whereas the size of the particular structure at the position = 235 nm in the first scan image did not change. In the third scan, the sizes of both particular structures were almost the same; however, the observed position of one of them (that indicated by the black arrow) slightly changed for each scan. This result indicates that the small-sized particular structures grew to ~4 nm height within 260 s (= 1 scan time) and that adsorption of the particular structures to the surface would be very weak (i.e., the AFM probe would scratch and slightly manipulate them.). It should be noted that such fast air-degradation was not observed in another FeSe-related material, TlFe 1.6 Se 2 [41] .
Results and Discussion

Generation of Nano-Sized Particular Structures at Film Surface by Air
Therefore, this phenomenon is unique to FeSe. We also examined other locations (the lines indicated by the green, blue, and pink arrows) during the second and third scans, as shown in Fig. 1(e) . At this point, no significant change in the size or structure was observed. These results imply that the generation and growth of particular structures at the FeSe film surface are fast processes occurring within 260 s and that their growth almost appears to be saturated at a height of ~4 nm at this time scale (within 980 s).
Next, we examined the effect of exposure to air for longer times of up to 1 h. The sample was stored in an Ar-filled glove box for 5 days, transferred to the AFM stage in air, and the AFM observation was started immediately. In the first scan image (Fig. 2(a) ), almost the same size of the particular structures as that observed in Fig. 1(a) was observed. However, the density of the structures in Fig. 2(a) looks higher than that in Fig. 1(a) , suggesting that the degradation rate was suppressed but that moderate degradation proceeded even in the Ar-filled glove box. After exposure to air for 30 min (Fig. 2(b) ) and 60 min (Fig. 2(c) ), the size of the particular structures became larger in both the lateral and height directions. The lateral sizes of the structures were ~20 nm for the 30-min sample and 30 nm for the 60-min sample. However, the lateral coverage of the particular structures almost remained the same. Compared with the result in Fig.   1 (c,e) (after ~16 min), the size almost doubled after air exposure for 1 h. This result implies that the growth rate of the particular structures was low, whereas they gradually grew at the initial growth points with air exposure.
Investigation of Origin of Nano-Sized Particular Structures
To determine the origin of the particular structures at the FeSe film surface, we first performed XRD measurements of the air-exposed films (Fig. 3) . However, no additional impurity phase was observed. We also confirmed that the c-axis lattice parameter did not change by comparing the peak positions of the FeSe 004 diffraction peak at 2θ ≈ 68.8° of the as-grown and air-exposed films (see the vertical dotted line in Fig. 3 ).
However, the full width at half maximum (1.03°) of the FeSe 004 diffraction peak of the air-exposed film was wider than that (0.96°) of the as-grown film, suggesting that slight disorder of the layered structure and/or a slight decrease in the crystallite size occurred with air exposure. However, we did not detect any indication of this disorder or decrease in the crystallite size from the crystal structure or crystalline phase from the XRD measurements.
We then performed chemical composition point analysis of the FeSe film exposed to air for 150 min using FEAES. We observed many particular structures on the FeSe film surface in the SEM image (Fig. 4(a) ), and then selected the two observation points indicated by the circles. One point was the position of a particular structure, and the other point was in the flat surface region without any particular structure. The lateral size of the particular structure was ~100 nm, which is larger than that of the sample exposed for 60 min (Fig. 2(c) ), mainly because of the longer exposure time. The diameter of the incident electron beam and the IMFP of the emitted electrons under the observation condition were estimated to be 20-30 and 3 nm, respectively. These conditions guarantee that the electron beam is irradiated only within the particular structure and that the AES signal comes only from the particle structure. Figures 4(b) and (c) present the FEAES spectra of both regions. Although clear signals were observed for the main constituent elements (Fe and Se), we also observed significant contamination by carbon and oxygen. This result indicates that the entire top surface of the FeSe film exhibits similar air-sensitivity, regardless of the presence of the particular structures. Although the spectra were similar, we performed subtraction between (b) and (c). As indicated by the two vertical arrows, small difference peaks were observed for the C and O signals, whereas no difference was detected for Fe and Se. We also confirmed using SEM that the particular structures disappeared in the FEAES measurement chamber for longer observation times or higher acceleration voltages. We cannot propose the exact origin of the particular structures from the FEAES results; however, these results suggest that the generated structures were composed of and reacted with light elements in air such as O, C, H, and N.
The above speculation for the origin (i.e., light elements in air) is also supported by our findings regarding specimen preparation for transmission electron microscopy (TEM) observation. We attempted to fabricate TEM specimens using a film exposed to air for 3 h that was covered with a gold film as a protection layer using a standard thinning technique combined with cutting, bonding, ion milling, and dimpling. However, we could not find the particular structures in the TEM specimens (the usual lateral size in the thinned region of TEM specimens is a few µm 2 ), implying that the particular structures easily disappeared with mechanical contact (during the cutting and bonding processes) and/or ion damage (during milling and dimpling) and not only with irradiation of the electron beam.
EDLT Using Air-Exposed Channel Layer
Next, we investigated the effect of the surface degradation on the EDLT properties.
The temperature dependence of the sheet resistance (R s ) was measured for an EDLT channel using an FeSe film air-exposed for a few tens of minutes (Fig. 5) . This initial insulator-like R S behavior is similar to that of the EDLT without exposure to air reported in Refs. [36, 37] , although the R S behavior in the low-temperature region was different.
However, even though a high V G of +4.0 V was applied, no phase transition was detected, and R s monotonously increased over the entire temperature range; clear modulation of the drain current and phase transition were not observed. These findings suggest that the particular structures generated at the surface act as an obstacle to field-induced phase transition and superconductivity in the FeSe EDLTs. For this reason, electrochemical etching [34, 38, 39] , which should be able to remove the particular structures, is effective for achieving high-T c EDLTs if the FeSe channels must be exposed to air during the device fabrication process.
Long-Time Stability in Glove Box
Finally, we discuss the long-time stability of FeSe films. Figure 6 summarizes the results for the film stored in a glove box for ~2 years. Figures 6(a) and (b) present XRD patterns of the film. In this case, no additional impurity phase was detected, as shown in Fig. 6(a) . However, compared with the as-grown film, the c-axis of the long-time-stored film expanded and approached the bulk value, as indicated by the vertical dotted line in (b). This result indicates that the film stored for a long time was almost fully relaxed similar to the bulk FeSe sample. Figs. 6 (c)-(e) show the surface morphology of the film stored for a long time. Although the film was stored in a glove box, much larger particular structures were observed than those in Figs. 1 and 2 . This result suggests that a very small amount of oxygen or related air-constituting element can enhance the growth of the structures, although the glove box maintains a very-high-purity inert and dry atmosphere with an oxygen concentration << 1 ppm and a dew point of approximately -100 °C. Figure 6 (f) shows the temperature dependence of the resistivity (ρ -T) curves. Air exposure for 60 min slightly increased ρ. However, a remarkable increase in ρ was observed for the sample stored for a long time, especially in the low-temperature region (a hump structure is observed at ~30 K in the ρ-T curve of the sample stored for 2 years; however, the origin is currently unclear). Before this experiment, we expected that superconductivity may be observed because the lattice parameter is fully relaxed, as observed in Fig. 6(a,b) . However, we did not observe superconductivity. Therefore, surface contamination (i.e., the particular structures) dominated the ρ-T behavior of the sample stored for 2 years.
Summary
We observed the generation of particular structures at the surface of FeSe epitaxial films directly after exposure to air. The origin of their generation remains unclear because no clear difference was detected in the chemical compositions of the particular structures and the flat bulk region. We propose that the origin is related to light elements in air such as O, C, H, and N based on the Auger electron spectroscopy results. An electric-field-induced phase transition was not observed for the EDLT using the air-exposed FeSe unlike for previously reported non-air-exposed FeSe EDLTs [36, 37] , and the resistance increased monotonously under the application of a positive gate bias.
These results indicate that an in situ process without exposure to air [40] is necessary for electric-field-induced superconductivity in FeSe EDLTs if an electrochemically etching process [34, 38, 39] is not employed. 
